A series of poly(vinyl pyrrolidone) (PVP)/fumed silica powder samples were studied using adsorption, FT-IR and AFM methods. Mild treatment (293 K for several hours) of PVP/A-300 powder with an added additional portion of A-300 in a glass reactor (2 dm 3 ) using a mixer (> 500 rpm which provided the powder as a pseudo-liquid state, PLS) led to the redistribution (migration) of the PVP molecules between silica particles previously covered by PVP and free of PVP. This time-dependent rearrangement of the adsorbed PVP molecules caused the formation of a denser polymer layer at the silica surface. The aggregate size of the primary silica particles with adsorbed PVP molecules decreased after treatment. The volume of macropores with a pore radius R p > 25 nm increased due to the decrease in the distances between aggregates in agglomerates because of the adhesive effect of the PVP molecules. However, the volume of micropores at R p < 1 nm decreased because of the penetration of the PVP molecules into the primary silica particle aggregates and the filling of gaps between adjacent particles. A decrease occurred in the amount of adsorbed water in the PVP layer exhibiting a maximum density.
INTRODUCTION
The structural and adsorptive characteristics of a polymer layer grafted onto a surface of disperse solid particles are of importance from both a theoretical and practical viewpoint (Chuiko 2003; Ray and Okamoto 2003; Buhler 1998) . The properties of similar composites depend strongly on the structural features of the polymer layer at the solid surface. Polymers immobilized at the surface of fumed silica (or another hydrophilic metal oxide) influence the dispersivity, the specific surface area, and other textural and adsorptive properties of composites. Such changes depend on (i) the structural characteristics of a matrix and a polymer, (ii) features of the intermolecular forces (dispersive, electrostatic or hydrogen-binding) involved in the polymer-polymer and polymersolid surface interactions, (iii) the preparation techniques and treatment conditions employed, (iv) the amounts of the individual component contents and (v) the dispersion medium employed (Esumi and Matsui 1993; Otsuka et al. 1996; Rovira-Bru et al. 2001; Gun'ko et al. 2001 Gun'ko et al. , 2002 Gun'ko et al. , 2003 Gun'ko et al. , 2004a Gun'ko and Mikhalovsky 2004c) . In other words, many factors govern the materials ultimately obtained from the interaction of polymer molecules with solid nano-particles.
On the basis of our previous investigations (Chuiko 2003; Gun'ko and Mikhalovsky 2004c; Gun'ko et al. 2001 Gun'ko et al. , 2002 Gun'ko et al. , 2003 Gun'ko et al. , 2004a Gun'ko et al. ,b, 2005a and the literature reports (Ray and Okamoto 2003; Buhler 1998; Wingrave 2001; Parnas et al. 1989) , it can be assumed that one of the most important of the above factors is the distribution of polymer molecules on the solid particle surface. This is because many of the properties of composite and hybrid materials depend strongly on the nature of this distribution, especially if the amounts of polymer present are close to or lower than that sufficient to obtain monolayer coverage.
The adsorption and migration of polymer molecules between solid particles covered and uncovered by polymer can be studied using FT-IR spectroscopy, adsorption experiments and AFM methods. FT-IR spectral monitoring of the processes is possible because the degree of interaction of polymeric electron-donor groups [such as C=O in poly(vinyl pyrrolidone) (PVP), C-O-C in poly(ethylene oxide), C-OH in poly(vinyl alcohol), etc.] with free surface hydroxyls can be estimated from changes in the intensity of the O-H stretching vibrations of free silanols at ν OH = 3748 cm -1 (Kiselev and Lygin 1972; Gun'ko et al. 2002 Gun'ko et al. , 2004a Voronin et al. 2004) .
The adsorption of similar polymers onto silica and other oxides (Chuiko 2003; Esumi and Matsui 1993; Otsuka et al. 1996; Rovira-Bru et al. 2001; Parnas et al. 1989) or graft polymerization (Nguyen et al. 2002) have been well studied; however, the migration of polymer molecules between nano-particles during the preparation of composites has not been investigated to any great extent.
For this reason, the aim of the present work was to study (i) the modification of a fumed silica surface by PVP in the presence of relatively low amounts of ethanol (30 wt% relative to silica) in the adsorbed layer in a gaseous dispersion medium and (ii) the migration of PVP molecules between silica nano-particles (covered and uncovered with PVP) under the same conditions using adsorption, AFM and FT-IR methods.
EXPERIMENTAL

Materials
Fumed silica (A-300, 99.7% purity, as obtained from the Pilot Plant of the Institute of Surface Chemistry, Kalush, Ukraine) was used as the starting material and was heated at 723 ± 10 K for several hours to remove residual HCl and other adsorbed compounds [sample A-300(1) in Table 1 ].
Poly(vinyl pyrrolidone) (PVP) (Biopharma, Kiev, pharmaceutical purity) of general formula (-CH 2 CHR-) n , where R = NC 4 H 6 O, n ≈ 100, molecular weight = 12 600 ± 2700, was used as received.
Adsorption of PVP
PVP was grafted onto silica A-300 (content of isolated surface silanols C OH ≈ 0.65 mmol/g) at C PVP = 175 mg/g [close to statistical monolayer coverage (Gun'ko et al. 2002 (Gun'ko et al. , 2004a using a glass reactor (2 dm 3 ) fitted with a mixer (> 500 rpm) capable of providing the powder in a pseudoliquid state (PLS). The adsorption of PVP was effected onto previously heated silica powder by loading the latter into the PLS reactor, adding the PVP powder and agitating the resulting mixture for 0.5 h. Then ethanol (30 wt% with respect to the weight of silica) was allowed to drip (at the rate of one drop per second) into the reactor at room temperature over a period of 6 h, during which time the mixture was further agitated. The resulting mixture [A-300/PVP(1)] was then finally dried at room temperature. A number of samples for further studies were obtained from this mixture. Firstly, heating A-300/PVP(1) for 2 h at 353 K led to the formation of A-300/PVP(2).
Mixing A-300/PVP(2) (30 g) with pure silica A-300 (20 g) in the PLS reactor for 0.5 h led to A-300/PVP(3). Treatment of A-300/PVP(3) in the PLS reactor for 6 h in the presence of ethanol (30 wt%) and drying at room temperature gave A-300/PVP(4). Further drying of A-300/PVP(4) at 353 K for 2 h led to the preparation of A-300/PVP(5).
Nitrogen adsorption
The specific surface areas, S BET , were calculated according to the standard BET method (Adamson and Gast 1997) while the pore volumes, V p (estimated at P/P 0 ≈ 0.98, where P and P 0 denote the equilibrium and saturation pressures of nitrogen, respectively) ( Table 1) were determined on the basis of the nitrogen adsorption/desorption isotherms recorded at 77.4 K using a Micromeritics ASAP 2405N adsorption analyzer. The pore-size distribution [the differential distribution function f(R p )] was calculated using the overall isotherm equation (Nguyen and Do 1999) modified to study materials with spherical nano-particles forming aggregates and agglomerates (Gun'ko et al. 2002 (Gun'ko et al. , 2004a (Gun'ko et al. ,b, 2005b or materials with cylindrical pores (Gun'ko et al. 2005a) . The differential f V (R p ) distributions linked to the pore volume can be transformed to the distributions f S (R p ) with respect to surface area using the corresponding pore model:
(1) where w = 1, 2 or 3 for slit-like, cylindrical or spherical pores, respectively; for a cubic lattice with spherical nano-particles, w ≈ 1.36. In practice, the pore shape deviates from the model because of gaps between the spherical particles forming the cubic lattice (w = 1.36) or to the existence of a mixture of cylindrical (weight factor, c = 0.2) and slit-like (c = 0.1) arising from the space between The weight coefficients in the pore mixture model corresponded to 0.7 (for gaps between spherical particles), 0.2 (for cylindrical pores) and 0.1 (for slit-shaped pores); ∆w mix , ∆w sph and ∆w cyl are the deviations of the pore shape from the model for the pore models as mixtures of three types of pores (index "mix"), gaps between spherical particles packed in the cubic lattice (sph) and cylindrical pores (cyl).
adjacent primary particles, which can be modelled by a system of slit-shaped pores (when their total pore volume is not greater than 10%) and gaps between spherical particles (c = 0.7). An estimate of the deviation of the pore shape from the model (Gun'ko and Mikhalovsky 2004) may be obtained from the equation ∆w = S BET /S sum -1 (Table 1) where:
(2) and the weight factor, c i , which determines the contributions of pores of different shapes, was used. The values of c i were determined on the basis of the morphological features of fumed oxides (Gun'ko et al. 2005b ) while the ∆w values were for individual pore models such as cylindrical, slit-shaped and the gaps between spherical particles (Gun'ko and Mikhalovsky 2004). For such a mixture of model pores, the weight factor c was put equal to 0.2 for cylindrical pores, 0.1 for slitlike pores (because the contribution of the space between adjacent primary particles -which can be modelled by slit-shaped pores -to the total pore volume was not higher than 10%) and 0.7 for the gaps between spherical particles. The differential pore-size distribution functions were converted to incremental pore-size distributions (IPSDs) via the equation:
(3)
The f V (R p ) and f S (R p ) functions were also used to calculate the contributions of micropores (V mic and S mic at R p < 1 nm), mesopores (V mes and S mes at 1 nm ≤ R p ≤ 25 nm) and macropores (V mac and S mac at R p > 25 nm) to the total porosity and the specific surface area. The values of S mic , S mes and S mac were corrected so that S mic + S mes + S mac = S BET . Note that ultramicropores (R p < 0.35 nm), which are not characteristic of fumed silica in contrast to carbon adsorbents, are not considered here and their very low contribution to the total porosity (which appears as a low-intensity peak in Φ V ) was assigned to micropores.
Infrared spectroscopy
Samples of silica and PVP/silica (dried at room temperature, heated at 353 K for 2 h and then pressed) were used to record the IR spectra over the 1200-4000 cm -1 range using either a Specord M80 (Carl Zeiss, Jena) spectrophotometer (tablets: 28 × 4 mm, ca. 10-16 mg) or a ThermoNicolet FT-IR spectrometer (tablets: 28 × 8 mm, 20.0 ± 0.5 mg) with a transmission mode. IR spectra plotted as the absorption intensity (I, %) = 100% versus wavenumber can show a non-linear dependence on the concentration of functionalities. Thus, for estimating the amount of silanols involved in interaction with PVP (or water), the optical density (D) of the IR band of the O-H stretching vibrations of the free silanols at 3750 cm -1 was calculated from D = log(I 0 /I), where I 0 and I are the intensity transmitted from a sample (baseline) and that at the maximum of the band at 3750 cm -1 , respectively. The value of D varies linearly with the amount of undisturbed free silanols. The relative amount of disturbed silanols (Θ) (with respect to the initial free silanols) was determined as Θ = 1 -D/D 0 , where D 0 denotes the optical density of the above-mentioned band for the initial sample and D is the optical density of that band measured after the adsorption of a given amount of PVP.
AFM
Atomic Force Microscopic (AFM) images were obtained using a NanoScope III (Digital Instruments, USA) apparatus employing the tapping mode technique for the AFM measurements. Before AFM scanning, the dry powder samples were heated at 353 K, cooled to room temperature and then smoothed slightly by hand-pressing using a glass plate. This latter process did not affect the structure of the primary and secondary particles (aggregates of primary particles and agglomerates of aggregates) in the studied samples.
RESULTS AND DISCUSSION
As seen from Figure 1 , the aggregates of primary particles of silica A-300 were relatively uniform and 50-500 nm in size, i.e. akin to the size of aggregates observed in aqueous suspensions of fumed silica (Gun'ko et al. , 2003 (Gun'ko et al. , 2005b or observed in AFM images of powder samples (Gun'ko et al. 2004b) . Agglomerates of aggregates of fumed silica (> 1 µm) are loose and unstable (Gun'ko et al. , 2003 and can be easily rearranged upon interaction with PVP in the (Figure 1) . Thus, the AFM images of the silica and PVP/silica powders demonstrate changes in the structures of aggregates with primary silica particles and PVP molecules upon mild treatment in the PLS reactor for 6 h followed by heating at 353 K for 2 h, with the sizes of the PVP/silica aggregates decreasing in the sample order A-300/PVP(3) → A-300/PVP(4) → A-300/PVP(5). It should be noted that heating at 353 K for 2 h led to an enhancement in the density of the powder and the adsorbed PVP layer (Figures 4 and 5) ; however, such treatment could not provide a re-distribution of the PVP molecules between the covered and uncovered silica particles because of the removal of the solvent in the previous stage. Re-distribution of polymer molecules did occur between the silica particles when A-300/PVP(3) was converted to A-300/PVP(4). However, it is also possible that strong interaction occurred between PVP-covered and uncovered silica particles without the transfer of polymer molecules, i.e. the polymer molecules acted as an adhesive, and this also occurred during the conversion A-300/PVP(4) → A-300/PVP(5).
To elucidate such effects, the structural features of the studied samples were also analyzed on the basis of nitrogen adsorption/desorption isotherms ( Figure 6 ). The isotherms depicted and the structural characteristics derived from the same (Table 1) indicate that the density of the secondary polymer/solid particles increased, the S BET values decreased and the contribution of narrow pores diminished during the course of the various treatments. However, the opposite effect was observed for macropores. Indeed, the total pore volume increased for samples 4 and 5 (Table 1) . The deviation of the pore shape from the model of mixed pores (∆w mix ) diminished for the A-300/PVP systems relative to the initial A-300 because the addition of PVP led to a more conjugated structure involving silica particles and polymer molecules. In other words, the observed results arose from certain structural changes of the secondary particles. Firstly, linear PVP molecules can apparently penetrate into aggregates (i.e. between adjacent primary silica particles) and allow them to rearrange in such a way that the contribution of narrow pores is decreased (Table 1 , V mic and S mic ). Secondly, interaction between polymer molecules adsorbed onto primary silica particles in an aggregate can interact with primary particles from neighbouring aggregates, leading to an enhancement in the packing of such aggregates in the agglomerate. Hence, the contribution of macropores (as gaps between aggregates in agglomerates) increases (Table 1 , V mac and S mac ) because nitrogen can more effectively fill this space between aggregates. The bulk density of fumed silica is low (ρ b = 0.03-0.06 g/cm 3 ) and hence the volume of empty space in the powder is large, i.e. V em = 15-30 cm 3 /g (V em = 1/ρ b -1/ρ 0 , where ρ b and ρ 0 are the bulk density of the powder and the true density of silica, respectively) and is much larger than the Vp value determined from nitrogen adsorption at P/P 0 → 1. Thus, nitrogen can fill only a portion of the empty space between aggregates in agglomerates even at P/P 0 → 1. The binding of PVP molecules and the consequent approach of aggregates in agglomerates leads to an enhancement of the V p and V mac values, and the intensity of the IPSD for broad pores grows at R p > 20 nm in comparison with the initial A-300 ( Figure 7) . However, to obtain these textural changes, the PLS reactor treatment has to be prolonged because small amounts of a solvent (30 wt% of ethanol or water) and low temperatures (293 K) only lead to the weak promotion of both the adsorption and migration of PVP molecules, and the consequent changes in the structure of the secondary PVP/silica particles, e.g. sample A-300/PVP(3). The deviation of the pore shape from different models ( Table 1 , ∆w) is between 0.1 and 0.8, corresponding to errors of 10-80% in calculations using equation (2). This suggests that the pore structure in PVP/silica composites was very complex and that any simple pore model would give significant errors in estimations of the S mic , S mes and S mac values. Consequently, these characteristics (Table 1) were corrected by the factor 1 + ∆w = S BET /S sum . All the pore models used gave a good evaluation of the structural changes in the studied samples when the PVP/A-300 system was treated in the PLS reactor (Table 1, Figure 7) . Changes in the shape of the IPSDs when 152 V.M. Gun'ko et al./Adsorption Science & Technology Vol. 24 No. 2 A-300/PVP(4) was converted to A-300/PVP(5) confirmed the assumptions based on the AFM images that heating increased the density of the adsorbed PVP layer, since the peak at 20-30 nm diminished in intensity as did the peaks corresponding to narrow pores at 0.3-0.4 nm (ultramicropores) and 3-4 nm (narrow mesopores). The main IPSD peak at 10 nm for A-300/PVP(5) was close to that for the initial silica A-300. However, the intensity of the IPSD for A-300/PVP(5) at R p > 20 nm was higher. Certain changes in the structure of the studied samples on PVP grafting could also be elucidated via FT-IR spectroscopy.
It should be noted that there is an essential difference between the adsorption of polymers and related low molecular weight compounds, i.e. the measured amount of adsorbed macromolecules is not sufficient on its own for characterizing an adsorbed polymer layer. In other words, additional information regarding the number of polymer segments in contact with the surface (trains), the thickness of the adsorbed layer, the distribution of a polymer molecule on the surface and the surface area occupied by a molecule is also necessary. The conformations of adsorbed polymers depend on the structure of the macromolecules employed (linear, branched, cross-linked chains, globular, etc.) and the interaction energy both between polymer molecules and these molecules and a surface. The conformation of linear polymers adsorbed onto a surface typically lies between two extremes: (i) a randomly folded thread with certain segments interacting with the surface and (ii) a worm-like unfolded chain lying flat on the surface.
Adsorbed linear molecules are characterized by three types of segments (fragments): (i) a segment in contact with a surface (train); (ii) a loop contacting with a solvent and bordered by two trains; and (iii) a tail contacting with solvent and bordered by a train (Parfitt and Rochester 1983; Lipatov and Sergeeva 1992) . The formation of loops and tails is governed by both steric and energetic factors. The energetic factors are connected with the lack of a surface area for the adsorption of all macromolecules and an inconsistency in the distances between the active sites on a surface and the macromolecule. The latter can be compensated for by polymer flexibility. However, the steric effects increase with increasing length of the macromolecule, surface coverage and the porosity of the solid particles. Hence, the ratio (Γ = N tr /N s ) between the number of trains in contact with the surface (N tr ) and the total number of polymer segments in the adsorption layer (N s ) plays an important role in describing of the adsorption state of polymers (Parfitt and Rochester 1983; Lipatov and Sergeeva 1992) .
Direct determination of the N tr value is very difficult and, for this reason, indirect methods such as IR spectroscopy are typically used for this purpose. The application of IR spectroscopy is particularly effective if a polymer or a surface possesses a functionality characterized by a clear intense IR band. In the case of fumed silica, free non-bonded surface silanols are characterized by the sharp IR band at 3740-3750 cm -1 . Since a PVP segment (N-C=O) can form a hydrogen bond with a silanol group, the numbers of interacting ether and silanols groups are virtually the same (provided that water is not present) and can be estimated from the IR spectra on the basis of changes in the optical density of the IR band at 3750 cm -1 . The relative number of PVP segments interacting with silanols via hydrogen bonds can be calculated as follows: (4) where α COC and α′ COC are the total amounts (mmol/g) of ether groups present and of those interacting with silanols, respectively; A PVP is the PVP adsorption (mg/g) [175 mg/g for A-300/PVP(2)]; MW unit = 112.15 is the molecular weight of a PVP segment; and Θ = 1 -D/D 0 . It may be assumed that α′ COC = α OH Θ since the PVP unit mainly forms only one hydrogen bond with a silanol group (α OH ≈ 0.65 mmol/g for A-300 under the conditions employed).
For sample A-300/PVP(2) depicted in Figure 8 , the degree of PVP coverage of the silica surface (Θ) was equal to 0.68. The parameter Π was equal to 0.3 for this sample, with the ratio between Π and Θ being given by Π ≈ 77.7Θ/A PVP where A PVP is the PVP adsorption value. On the basis of the Π values, it appears as if only a portion (one-third) of all the segments was in contact with the silica surface. The sample A-300/PVP(3) (being a mildly treated mixture of A-300 and PVP/A-300) included particles covered with PVP (Θ = 0.68) together with silica particles without any adsorbed PVP. Thus, the intensity of the -OH stretching vibrations at ν OH = 3748 cm -1 increased because of the presence of a portion of uncovered A-300 ( Figure 8 ). However, the intensity of this band decreased strongly after the conversion A-300/PVP(3) → A-300/PVP(4) → A-300/PVP(5) had been conducted (Figures 8 and 9 ). This indicates that a portion of the PVP molecules was transferred onto silica particles associated with the second portion of pure A-300. Previous estimates of the Θ value (Gun'ko et al. 2004a ) gave 0.87 at Π ≈ 0.64.
There are several reasons for the enhancement of the Π and Θ values. The first is transfer of a portion of polymer molecules on to the uncovered silica particles accompanied by changes in the structure of the PVP layer caused by a decrease in competition between the polymer molecules for adsorption sites and thermal factors. The second may be connected with the interaction between loops of adsorbed PVP molecules with uncovered silica particles (from the added silica) without the entire transfer of the polymer molecules to these particles; this interaction increased after the thermal treatment involved in the conversion A-300/PVP(4) → A-300/PVP(5). This resulted in an increase in the number of the PVP trains in contact with the silica surface with a consequent doubling of the Π value. As a result, the PVP adsorption layer in A-300/PVP(5) was denser than
that in previous samples, as exemplified by the smaller difference in the ν OH bands at 2500-3300 cm -1 (caused mainly by adsorbed and hydrogen-bonded water molecules) in the spectra of A-300/PVP(5) and A-300 ( Figure 9 ) relative to those for other samples with a less dense PVP layer which were capable of adsorbing greater amounts of water [ Figure 8(a) ]. It should be noted that the adsorption of PVP onto silica led to an increase in the baseline, especially for A-300/PVP(2) and A-300/PVP(3) (which contained incompletely distributed PVP molecules) at high wavenumbers [ Figure 8 (a)] because the conditions for IR beam transmission became more difficult. Changes in the intensity at ν < 3200 cm -1 may be associated with the CH groups of adsorbed PVP and adsorbed water depending on the strength of the hydrogen bonding of water. In other words, the observed effects can be explained by an increase in water adsorption and its association (hydrogen bonding) in the case of a loose PVP layer [Figures 8(a) and 9]. The conversion A-300/PVP(3) → A-300/PVP(4) → A-300/PVP(5) led to the formation of a denser PVP layer (Π ≈ 0.64 at Θ = 0.87), with the decrease in intensity of the IR band at ν OH < 3200 cm -1 indicating a decrease in the amount of adsorbed water for A-300/PVP(5) relative to A-300/PVP(2) or A-300/PVP(3). It must be assumed that both effects caused by the rearrangement of the adsorbed PVP layer occurred on treatment of the mixture of PVP/A-300 and pure A-300, because the significant changes in the Π and Θ values cannot be explained solely by the interaction of pure silica particles with particles covered by PVP molecules. This is because the contact area between adjacent spherical particles was only ca. 10% and the formation of a relatively thin layer (monolayer) and free loops by PVP could only have led to an insignificant increase in this area. A decrease in the size of aggregates and agglomerates after the treatment of this mixture provided evidence for the migration of PVP molecules, because any interaction between PVP/A-300 and A-300 particles without polymer molecule migration should have led to an increase in the size of the secondary particles. However, this effect was not observed (Figures 1-5 ).
CONCLUSIONS
On the basis of the present investigations, it may be concluded that mild treatment (293 K, 6 h, 500-600 rpm in the PLS reactor) of the PVP/A-300 powder with added A-300 led to the migration of a portion of the PVP molecules between silica particles which were covered and uncovered by the polymer. This rearrangement of the adsorbed PVP layer led to the formation of denser structures especially after additional heating, because the Θ and Π values increased substantially and the amounts of adsorbed water decreased as did the sizes of the aggregates. On the other hand, the adsorption capacity of macropores at R p > 25 nm increased whereas the micropore volume at R p < 1 nm decreased because of penetration of the PVP molecules into aggregates of primary silica particles. In addition, the distances between the aggregates in agglomerates also decreased because the adsorbed PVP molecules acted as an adhesive. Thus, the proposed techniques may be used to prepare PVP/fumed silica powders with a different density in the PVP adsorption layer, accompanied by a small reduction in the specific surface area and an increase in the macropore adsorption capacity at R p > 25 nm because of the denser packing of the PVP/fumed silica aggregates in agglomerates.
